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Anterior–posterior (A/P) limb patterning in vertebrates is determined by the counteraction between the Sonic Hedgehog (Shh) and the Gli3
transcription factor. Shh exerts its effect on Gli3 by regulating the full-length Gli3 protein processing to generate a Gli3 repressor gradient along
the A/P axis of the limb. However, it is not clear whether the full-length Gli3 is an activator in vivo and plays any role in the limb patterning. Here
we show that mouse limbs expressing only a Gli3 repressor form exhibit mild polysyndactyly and a partial loss of digit identity, while limbs
expressing only a full-length Gli3 protein display severe polysyndactyly and a complete loss of digit identity. Interestingly, when the full-length
Gli3 and the repressor are equally expressed in the limb, the digit patterning is overall normal except for an extra anterior digit. Furthermore, in the
presence of one Gli3 wild type allele, a Gli3 mutant allele that expresses only the full-length form can rescue the Shh mutant digit phenotype to a
great extent. The full-length Gli3 protein can also activate Shh target gene expression without Shh. Thus, our data indicate that the full-length Gli3
protein is an activator in vivo and that the ratio of the Gli3 activator to repressor, but neither the Gli3 repressor gradient nor the Gli3 activator/
repressor ratio gradient, determines limb digit patterning.
© 2007 Elsevier Inc. All rights reserved.Keywords: Gli3 activator; Gli3 repressor; Hedgehog; Limb patterningIntroduction
Anterior/posterior (A/P) patterning of the vertebrate limb is
controlled by Shh expressed in the zone of polarizing activity
(ZPA) (Chiang et al., 1996, 2001; Kraus et al., 2001; Riddle et
al., 1993). Shh signaling in the mouse is primarily mediated
by Gli2 and Gli3 transcription factors, which subsequently
activate Gli1 expression (Bai et al., 2004; Lei et al., 2004).
Genetic analyses of Gli mutant mice have demonstrated that
Gli3 is a key regulator in mouse limb patterning (Hui and
Joyner, 1993), while Gli1 and Gli2 play no significant role
(Bai et al., 2002; Park et al., 2000). Consistent with this,
several mutations in the human Gli3 gene are associated with
various developmental defects in the limb (Biesecker, 1997).⁎ Corresponding author. Department of Genetic Medicine, Weill Medical
College of Cornell University, 1300 York Avenue, W404, New York, NY
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doi:10.1016/j.ydbio.2007.02.029Recent studies of the genetic interaction between Gli3 and
Shh in the limb have demonstrated that Shh exerts its effect
on limb digit patterning solely by regulating Gli3 activity
(Litingtung et al., 2002; te Welscher et al., 2002b).
In the absence of Shh signaling, the majority of full-length
Gli3 is processed to form a C-terminally truncated repressor,
Gli3-83, while the presence of Shh signaling prevents Gli3
processing and generates the full-length Gli3 protein, Gli3-190.
Thus, in the developing vertebrate limbs, Gli3-83 repressor
levels are graded from the highest in the anterior to the lowest in
the posterior as a result of the posteriorly restricted Shh
expression (Wang et al., 2000). It has been generally accepted
that this Gli3-83 repressor gradient plays an essential role in
limb digit patterning, as shown by the limb phenotypes of
several mouse and chick mutants. For example, in Shh−/−
mouse limbs, the Gli3-83 repressor levels in the anterior and
posterior regions of the limb are similar, since Gli3 processing is
no longer subject to the regulation by Shh signaling (Litingtung
et al., 2002). On the contrary, the polydactyly and loss of digit
Fig. 1. The gene targeting strategy used to create Gli3P1–4 and hmGli3 alleles
and ES cell screening. (A, top) The Gli3 genomic locus and targeting construct.
Open boxes indicate Gli3 exons. Asterisks above the last exon refer to the six
PKA sites. The Gli3P1–4 targeting construct was created by replacing a part of
the last exon encoding residues 846 to 914 of the Gli3 protein with the
corresponding human Gli3 cDNA sequence containing S-to-A mutations at the
first four PKA sites. hmGli3, a control targeting construct without the mutations,
was also generated by the same strategy. The neomycin (neo) and diphtheria
toxin A (DTA) genes were used as positive and negative selection markers,
respectively. (A, bottom) A schematic diagram shows the expected non-
processed Gli3P1–4 protein. Restriction sites: B, BamHI; Bg, BglII; RV, EcoRV;
N, NdeI, S, SacI, and Xb, XbaI. (B) Southern blot analysis of representative ES
cell clones using the 5′- and 3′-probes indicated in panel A following EcoRV
and BglII digestion, respectively. The upper and lower panels correspond to
Gli3P1–4 and hmGli3 targeted clones, respectively. The expected sizes of the
DNA fragments for the mutant and wild type Gli3 alleles are indicated. (C) An
immunoblot shows that the Gli3P1–4 protein was no longer processed. Protein
lysates were prepared from individual E10.5 mouse embryos and immuno-
blotted with a Gli3 antibody (upper panel) or a tubulin antibody (lower panel) as
a loading control.
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embryos are thought to be caused by the reduced level of Gli3
processing (Eggenschwiler et al., 2006; Haycraft et al., 2005;
Huangfu and Anderson, 2005; Liu et al., 2005; May et al.,
2005). Furthermore, talpid2 (ta2) and talpid3 (ta3) spontaneous
mutations in chicken result a polydactylous limb phenotype,
and analysis of Gli3 processing in the chicken mutant limbs has
also linked the abnormal limb phenotype to the decrease in Gli3
repressor level and loss of its gradient (Davey et al., 2006; Wang
et al., 2000). However, since mutations of these genes also
affect levels of the full-length Gli3 protein, it is not clear
whether the disruption of the Gli3 repressor gradient alone or
that of the balance between Gli3 full-length and repressor forms
has led to abnormal digit patterning. It is also unknown whether
Gli3 full-length form is a transcriptional activator in vivo and
plays any role in limb patterning.
In this study, we analyzed limb phenotypes and marker gene
expression of mice that express only a Gli3 full-length form, a
Gli3 repressor form, or both. We found that mouse limbs
expressing only the Gli3 full-length form or the repressor form
exhibit polysyndactyly and a loss of digit identity with different
severity, while limbs equally expressing the full-length Gli3 and
repressor forms display an overall normal digit patterning
except for an extra first digit. We also found that expression of
both the full-length Gli3 form from one mutant allele and Gli3
protein from one wild type allele can rescue the Shh mutant
limb phenotype to a great extent. Furthermore, expression of the
full-length Gli3 protein alone results in activation of Shh target
gene expression in the absence of Shh. Thus, our study indicates
that the full-length Gli3 protein is an activator in vivo and that
the ratio of the Gli3 activator to the repressor, but neither the
Gli3 repressor gradient nor the Gli3 activator/repressor ratio
gradient, establishes the positional information that determines
limb digit patterning.
Materials and methods
Gli3 mutant mice and the generation of Gli3P1–4 mutant knock-in mice
A BAC clone containing mouse Gli3 genomic DNA sequences was
purchased from Genome Systems Inc. and used to create the Gli3P1–4
targeting construct using the pGKneoloxP2DTA.2 vector (Soriano, 1997). The
Gli3P1–4 construct was engineered by replacing mouse Gli3 genomic
sequences that encode residues 846 to 914 of the Gli3 protein with the
corresponding human Gli3 cDNA sequences containing S-to-A mutations at
the first four PKA sites (Wang et al., 2000). Since three residues within the
replaced fragment are not conserved between human and mouse Gli3
proteins, a control targeting construct, hmGli3, which contained the same
human Gli3 cDNA sequences without the mutations, was also created (Fig.
1A). The Gli3P1–4 and hmGli3 constructs were then separately introduced
into R1 ES cells by electroporation, and neomycin (neo)-resistant clones were
selected by incubating cells in ES cell growth medium containing G418
(200 μg/ml). Targeted ES cell clones were identified by restriction enzyme
digestion, followed by a Southern blot analysis of ES cell DNA using 5′- and
a 3′-probes. The 5′ probe identified a 7.8-kb fragment in the targeted allele
and a 6-kb fragment in the wild type allele following EcoRV digestion. The
3′ probe identified a 7.1-kb fragment in the targeted allele and a 5.3-kb
fragment in the wild type allele following BglII digestion (Figs. 1A and B).
Seven targeted clones were obtained for Gli3P1–4 and six for hmGli3. Two
clones for each construct were injected into C57BL/6 blastocysts to generate
chimeras. The chimeras were then bred with C57BL/6 to establish F1heterozygotes, creating three independent mouse lines with indistinguishable
phenotypes for each targeting construct. The floxed neo gene was removed
by breeding them with Act–Cre transgenic mice (Lewandoski et al., 1997).
Mice with or without the neo gene at the Gli3 locus were indistinguishable.
Mice homozygous for hmGli3 were indistinguishable from wild type mice in
terms of both phenotype and expression of marker genes in the limb (Fig. 2
and data not shown). Therefore, wild type control embryos used in this study
were littermates of the mutant embryos analyzed. PCR analysis was used for
routine genotyping with the following primers: BW294, 5′ ATT GGG AAG
Fig. 2. Limb phenotypes of wild type and Gli3 mutant mice. (A) Limb phenotypes of wild type, hmGli3, Gli3P1–4/+, and Gli3+/− mice. These pictures show a ventral
view with anterior to the left. Extra digits, which are indicated by arrowheads, are usually complete inGli3P1–4/+mice, but partial inGli3+/−mice. (B) Skeletal stains of
limbs from wild type and hmGli3+/+ newborns, and from E16.5 Gli3P1–4/+, Gli3P1–4/−, and Gli3+/− mouse embryos. Phenotypes of hmGli3 homozygous mice were
indistinguishable from those of wild type mice.
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ACT ATA-3′ for the targeted alleles containing the neo gene, which produced
a 225-bp fragment; BW325, 5′-AAA AGG GTT TAA ACT AGG CCG C-3′
and BW327, 5′-TTG GAC TGT GTG CCT GGA GGG A-3′ for the targeted
alleles without the neo gene, which produced a 260-bp fragment; and
BW326, 5′-GAG AAA GAA AAG AAA AAA CTC CAC-3′ and BW331,
5′-AGC TGA TAG TGC TGG TAT TGC T-3′ for wild type Gli3 allele only,
which produced a 300-bp fragment.
Gli3Δ699 mutant mice (Bose et al., 2002) was genotyped by PCR using the
following primers: forward primer BW123, 5′-GCC CAAACATCTACCAAC
ACA T-3′ and reverse primer BW128, 5′-CTG CTA AAG CGC ATG CTC
CAG-3′ for the mutant allele with an expected fragment of 350 bp and forwardprimer BW85, 5′-AGC AAC TAT TCC AAC AGT GG-3′ and reverse primer
BW86, 5′-TGA GCA GAC AGA CAC ATG GTC TAG G-3′ for the wild type
allele with an expected fragment of 300 bp.
Gli3Xt mutant mice were obtained from Kathryn Anderson at the Sloan
Kettering Institute and genotyped according to the sequence information as
described (Maynard et al., 2002) using these primers: 5′-AAT GAT GCT CAC
TAGTACAGTG-3′ and 5′-AAACCCGTGGCTCAGGACAAGC-3′, which
produced a 400-bp fragment. The wild type allele was genotyped with the fol-
lowing primers: GGC CCA AAC ATC TAC CAA CAC ATA G-3′ and 5′-GTT
GGC TGC TGC ATG AAG ACT GAC-3′, which yielded a 190-bp fragment.
Shh mutant mice (Chiang et al., 1996) were obtained from Philip Beachy. All
mice used in this study were in a 129v and C57BL/6 mixed background.
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preparation
Anterior and posterior half limb fragments from an individual E10.5 embryo
were lysed in 40 μl of denaturing buffer (1% SDS, 50 mMTris (pH 7.5), 0.5 mM
EDTA, 1 mM DTT) by a 5-min incubation at 100 °C followed by vortexing.
Immunoblotting was performed as described (Wang et al., 2000). Whole mount
in situ hybridization was carried out according to a published protocol
(Wilkinson, 1992) and the skeletons were prepared as described (Nagy et al.,
2003).Results
Generation of Gli3P1–4, a Gli3 mutant allele that expresses a
non-processed Gli3 protein
We and others have previously shown that the repressor form
(Gli3-83) of Gli3 protein is generated from the full-length Gli3
protein (Gli3-190) through proteolytic processing that is
dependent on multiple-site phosphorylation of Gli3 protein by
protein kinase A (PKA) (Tempe et al., 2006; Wang et al., 2000;
Wang and Li, 2006). To understand how Gli3 determines limb
patterning, we sought to separate the function of Gli3-190 from
that of the Gli3-83 repressor. To this end, we took advantage of
the targeted gene knock-in approach and engineered a mutant
mouse Gli3 allele, Gli3P1–4, by replacing mouse Gli3 genomic
sequences that encode residues 846 to 914 of the Gli3 protein
with the corresponding human Gli3 coding sequence containing
S-to-A mutations at the first four PKA sites (Wang et al., 2000).
We also created a control mouse Gli3 allele, hmGli3, which
contained the same human Gli3 coding sequences without the
mutations (Fig. 1A). Mice homozygous for hmGli3 are
indistinguishable from wild type animals without the human
Gli3 sequence as measured by their gross phenotypes,
skeletons, and expression of Shh-regulated genes (Fig. 2 and
data not shown), indicating that the knock-in of the human Gli3
sequence does not alter the function of the mouseGli3wild type
allele. Therefore, we used wild type littermates of Gli3P1–4
mutant animals as controls in this study to reduce the potential
variation among individual animals. Since the Gli3P1–4 allele
expressed a mutant Gli3 protein that lacked phosphorylation at
the first four PKA sites, we expected that Gli3P1–4 protein
would not be processed any more. Indeed, immunoblotting
analysis of Gli3P1–4 mutant embryos revealed that the mutant
allele produced only Gli3-190, not Gli3-83 (Fig. 1C).
Abnormal limb patterning of Gli3P1–4 mutant mice
We next analyzed the limb phenotypes of Gli3P1–4 mice.
Gli3P1–4 heterozygous mice exhibited a complete duplication of
the first digit of each limb; otherwise they were morphologically
normal. This phenotype was more severe than that of mouse
limbs heterozygous for a Gli3 null allele, Gli3+/Xt or Gli3+/−,
which only displayed one extra phalange in their first digit
(Figs. 2A, and B), indicating that the Gli3P1–4/+ limb phenotype
is not simply caused by a loss of the Gli3 repressor. Mice
homozygous for Gli3P1–4 mostly died before birth; occasionally
they were born, but died soon. Mutant limbs of these E16.5embryos contained 6–8 digits that completely lacked identity
and tibia was missing (Figs. 3C and D). A glimpse of these
phenotypes seemed similar to those found in Gli3−/− homo-
zygotes (Figs. 3E and F). However, the extra phalange elements
branching from metatarsals (indicated by arrowheads in Figs.
3C and D) were found in most Gli3P1–4/P1–4 limbs but rarely in
Gli3-deficient mutants. The difference between Gli3P1–4 and
Gli3 null limb phenotypes became even more profound in
several newborns. All of the digits of Gli3P1–4/P1–4 neonates
consisted of only two very short phalanges with the proximal
ones being split. These phalanges were ossified not at the
normal positions, but instead between distal phalanges (Figs.
3O and P). In contrast, although most limb digits of Gli3−/−
newborns also lost digit identity, some digits did consist of three
phalanges that were usually undivided and longer than those of
the Gli3P1–4/P1–4 digits. In addition, bone ossification occurred
in most proximal and distal phalanges (Figs. 3Q and R). These
data thus indicate that Gli3P1–4/P1–4 mutant limb phenotypes are
not the same as those of the Gli3−/− limbs and that Gli3P1–4
exhibits an activator function.
Gli3P1–4 mutant allele rescues Shh mutant limb phenotype to a
great extent
If Gli3P1–4 functions as an activator, we would predict that
the Gli3P1–4 allele restores the Shh−/− limb phenotype much
better than the Gli3 null allele does, unless Gli4P1–4 activity is
completely dependent on Shh signaling. Analysis of Gli3P1–4/
P1–4 Shh−/− double mutant limbs did not lead to a definitive
conclusion, since the limb phenotypes were indistinguishable
from those of aGli3P1–4/P1–4 single mutant (Figs. 3C and D, and
Fig. S1). This is not surprising, since Gli3−/− limb phenotypes
are independent of Shh gene activity (Litingtung et al., 2002; te
Welscher et al., 2002b). We then analyzed limb phenotypes of
Gli3P1–4/+Shh−/− embryos and found that the limbs developed
two zeugopodal bones with clear A/P asymmetry and typically
formed 5–6 digits. Although the identity of these digits was not
fully restored, three or four of them clearly mimicked digits 2–4
or 2–5 identities as they consisted of three phalanges of
different lengths (Figs. 3I and J). These phenotypes are not
found in Gli3+/−Shh−/− limbs, which typically form only 3–4
digits, many of which are fused, and those that are not fused are
identifiable as digit 1 (Litingtung et al., 2002; te Welscher et al.,
2002b). These results clearly indicate that Gli3-190 can function
as a transcription activator without Shh signaling in vivo, but a
full activation of Gli3-190 still requires Shh stimulation, since
only Gli3P1–4/+Shh+/+ not Gli3+/−Shh−/− limb digits display
normal identity (Fig. 2B).
Mouse limbs expressing both Gli3P1–4 and Gli3Δ699
(a repressor form) exhibit a nearly normal patterning
If the balance between the Gli3 activator and repressor does
indeed determine limb digit patterning, one would expect that
animals that only express the Gli3 repressor would have defects
in their digit patterning. Consistent with this prediction is the
postaxial polysyndactyly found in human patients carrying the
Fig. 3. Skeletal stains of wild type and Gli3 mutant mouse limbs at E16.5 and P0. Anterior is to the top (A–R) or to the left (three small panels on the far right).
Genotypes are shown to the left. (A, B) Wild type stylopod (hu, humerus; fe, femur), zeugopod (ra, radius; ul, ulna; ti, tibia; fi, fibula) and autopod (digits 1–5)
elements are labeled. Autopod on the far right is from the hindlimb in panel B. (C, D, O, P) Gli3P1–4/P1–4 stylopod and zeugopod elements were normal except all
shortened and tibial aplasia, and autopods were polydactylous and lacked digit identity. Unlike Gli3−/− autopods, some Gli3P1–4/P1–4 digits were partially split
(indicated by arrowheads), phalanges lacked ossification, and a ring-shaped ossification formed interdigitally. The absence of pelvis in panel D was not phenotypic, but
was caused by over-treatment of the limbs with the tissue-clearing solution. (E, F, Q, R)Gli3−/− limb skeletal elements were similar to those of theGli3P1–4/P1–4mutant
except for those mentioned above. (G, H) The size and pattern of all Gli3P1–4/Δ699 limb skeletal elements were normal except for one extra d1 digit. (I, J) Stylopod and
zeugopod elements of Gli3P1–4/+Shh−/− limbs were normal. Autopods had 5–6 digits, three or four of which from the posterior exhibited certain levels of identity as
they consisted of three short phalanges identifiable as 2–5 digits (inset and right panels). However,Gli3+/−Shh−/− autopods develop 3–4 digits; some of them are fused,
and all unfused digits are identifiable as digit 1 (Litingtung et al., 2002; te Welscher et al., 2002b). (K–N) Zeugopods and autopods of wild type and Gli3Δ699/Δ699
mutant newborns. Arrowheads indicate the duplicated, but fused first digit and third metatarsal. The second digit of the forelimb had only two phalanges and the
second digit of the mutant hind limbs was shorter than that of wild type limb.
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Fig. 4. An immunoblot shows that as predicted, the Gli3Δ699 allele expressed a
C-terminally truncated Gli3 protein with a size similar to that of the naturally
processed Gli3–83 repressor.
Fig. 5. Levels of the Gli3 activator and repressor forms in anterior and posterior
limb fragments. (A) An immunoblot shows the levels of the Gli3 activator and
repressor in wild type, Gli3P1–4/P1–4, Gli3+/P1–4, Gli3P1–4/Δ699, and Gli3+/Δ699
mutant limb fragments. Limb buds from each E10.5 embryo were dissected into
anterior (A) and posterior (P) halves and subjected to immunoblotting with a
Gli3 antibody (upper panels) or a tubulin antibody (lower panels) as a loading
control. (B) A histogram shows the results from panel A. Levels of the Gli3
repressor in anterior limb fragments were normalized against those in posterior
limb fragments of the same limb buds.
465C. Wang et al. / Developmental Biology 305 (2007) 460–469Gli3PHS mutant allele, which is predicted to only express a Gli3
repressor (Biesecker, 1997). Similarly, Gli3Δ699 mutant mice
that are predicted to express a Gli3 repressor form also exhibit
Gli3PHS limb phenotypes (Bose et al., 2002). Here we
confirmed by Western blot analysis that the Gli3Δ699 allele
did indeed express a Gli3 protein that resembles Gli3-83 (Fig.
4). We also found that Gli3Δ699/Δ699 forelimbs each had either
five or six digits with the extra digit fused with the first digit and
partially lost digit identity as indicated by the loss of distal
phalange of the second digit, the fused metatarsal of the third
digit, and shortened digit elements (Fig. 3, compare M to K).
For hindlimbs, although digit number was normal, the digit
identity was also partially lost as shown by the shortened second
digit, and the tibia was shorter and thicker than that of wild type
limbs (Fig. 3, compare N to L). In addition, ossification was
almost completely absent in phalange elements of both fore-
and hindlimbs.
To further test our prediction, we analyzed the limb
phenotypes of Gli3P1–4/Δ699 mouse embryos, which were
expected to express both Gli3 activator and repressor forms in
an equal doses. Interestingly, digit patterning of the limbs was
generally normal except for an additional first digit (Figs. 3G
and H), which was likely due to an increased ratio of the
activator to the repressor in the mutants. These limb phenotypes
were indistinguishable from those of Gli3P1–4/+ mutant limbs
(Fig. 2B).
No Gli3 repressor gradient is established in Gli3P1–4/Δ699
mutant limb buds
We have previously shown that the levels of Gli3-83 are
graded along the A/P axis of developing chicken and mouse
limbs, since Gli3 processing is regulated by the posteriorly
restricted Shh (Wang et al., 2000). Based on this finding, we
predict that no Gli3 repressor gradient should be formed in
the Gli3P1–4/Δ699 limbs, as both Gli3P1–4 and Gli3Δ699 mutant
proteins are not subject to regulation by Shh signaling. To
test this prediction, we examined the levels of the two forms
of Gli3 protein in anterior (A) and posterior (P) halves oflimb fragments. As predicted, both Gli3 activator and
repressor forms were expressed at a similar level among A
and P limb fragments (Fig. 5, lanes 7 and 8), indicating that
the Gli3 repressor gradient is not formed in the mutant limbs.
We also analyzed Gli3 proteins in other mutant limb buds
and found that as predicted, the levels of the Gli3 repressor
gradient precisely correlated to the combination of Gli3 mu-
tant alleles (Fig. 5). Thus, we conclude that the Gli3 repres-
sor gradient is not required for normal limb digit patterning,
instead, the balance between the Gli3 activator and repressor
determines the development of limb digit number, identity,
and ossification.
Gli3P1–4 activates Shh target gene expression in the absence
of Shh
To seek a molecular explanation for the limb phenotypes of
embryos carrying different Gli3 alleles, we first examined the
466 C. Wang et al. / Developmental Biology 305 (2007) 460–469expression of Gli1 and Ptc, two direct Shh target genes
(Goodrich et al., 1996; Marigo et al., 1996). Both Gli1 and Ptc
were ectopically expressed in the anterior region of E10.5
Gli3P1–4/P1–4 mutant limb buds (Figs. 6B, G). Such ectopic
expression was slightly higher than that seen in Gli3−/− mutant
limbs (Figs. 6D, I), but similar to that in limbs carrying only one
Gli3P1–4 allele (Gli3P1–4/−) (Figs. 6C, H). However, this ectopic
expression was suppressed if one Gli3P1–4 allele was replaced
by a Gli3Δ699 allele (Gli3P1–4/Δ699) (Figs. 6E, J). Furthermore,
we examined Gli1 expression in Shh−/− Gli3P1–4/P1–4 double
mutant limb buds and found that it was expressed throughoutFig. 6. Expression of Shh-regulated genes in various Gli3 mutant limbs. E10.5 forel
indicated to the left. All limb buds are oriented with anterior to the top and distal to th
in Gli3P1–4/P1–4 or Gli3P1–4/− limb buds was overall higher than that in Gli3−/− limb
Fgf4 expression was anteriorly expanded in Gli3P1–4/P1–4, Gli3P1–4/−, Gli3−/−, and Gthe limb buds (Fig. 7D). Interestingly, we also found that
introducing one Shh wild type allele into the double mutant
embryos (Shh+/− Gli3P1–4/P1–4) resulted in an increased level of
Gli1 expression, while replacing one Gli3P1–4 allele with a wild
type Gli3 allele suppressed Gli1 expression at a very low level
(Figs. 7C, E). This is a great contrast to the absence of Gli1
expression in Shh−/− or Shh−/− Gli3−/− double mutant limbs
(Litingtung et al., 2002; te Welscher et al., 2002b) (Fig. 7B).
These results undoubtedly indicate that Gli3P1–4 exhibits a
certain level of activator function independent of Shh, but still
requires Shh signaling to be fully activated.imb buds (genotypes shown on top) were examined for expression of the genes
e right. Ectopic expression of Gli1, Ptc, Hoxd12, Hoxd13, Gremlin, and dHand
buds, while such ectopic expression was suppressed in Gli3P1–4/Δ699 limb buds.
li3P1–4/Δ699 limb buds and is marked by arrowheads.
Fig. 7. Gli3P1–4 activates Gli1 and Hoxd13 expression independent of Shh. E10.5 forelimb buds (genotypes shown on top) were examined for Gli1 and Hoxd13
expression. All limb buds are oriented with anterior to the top and distal to the right. Gli1 and Hoxd13 expression were not detected in Shh−/− limb buds (B, G),
but upregulated and expanded in Shh−/−Gli3P1–4/P1–4 and Shh+/−Gli3P1–4/P1–4 limb buds (C, D, H, I). A weak expression of Gli1 and Hoxd13 was even detected in
Shh−/−Gli3P1–4/+ mutant limbs (E, J). In contrary, Gli1 is not expressed in Gli3−/−Shh−/− double mutant limbs (Litingtung et al., 2002; te Welscher et al., 2002b).
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(Zakany and Duboule, 1999). Their expression is anteriorly
expanded in Gli3−/− mutant limb buds regardless of Shh
expression (Litingtung et al., 2002; te Welscher et al., 2002b)
(Figs. 6N and T). As expected, Gli3 expression from either one
(Gli3P1–4/−) or two Gli3P1–4 alleles (Gli3P1–4/P1–4) led to an
anterior expansion of Hoxd12 and Hoxd13 expression in the
limb buds (Figs. 6L, M, Q, and R). As in Gli3−/− Shh−/− double
mutant limbs, the ectopic Hoxd13 expression in the Gli3P1–4
mutant was Shh-independent (Figs. 7F–J). Replacement of one
Gli3P1–4 allele with a Gli3Δ699 (Gli3P1–4/Δ699) was sufficient to
restore nearly normal expression of both Hoxd12 and Hoxd13
(Figs. 6O and T). Unlike that of Gli1, the ectopic expression of
both Hoxd12 and Hoxd13 in Gli3P1–4 mutant limbs was likely
due to a loss of the Gli3 repressor, since both the extent of
anterior expansion and the levels of expression were similar to
those in Gli3−/− limb buds (Figs. 6N and S) (Litingtung et al.,
2002; te Welscher et al., 2002b).
Proximodistal limb outgrowth requires fibroblast growth
factors (Fgf) expression along the apical ridge at the distal
margin of the limb bud (Martin, 1998). Shh maintains Fgf
expression by inducing the BMP antagonist Gremlin, to
counteract the negative regulation of Fgf expression by BMP
(Zuniga et al., 1999). Expression of both Fgf4 and Gremlin is
anteriorly expanded in limbs lacking Gli3 function, irrespective
of Shh signaling (Litingtung et al., 2002; te Welscher et al.,
2002b), indicating that Fgf4 and Gremlin expression is
repressed by high levels of the Gli3 repressor. Supporting this
notion, Gremlin expression in both Gli3P1–4/− and Gli3P1–4/P1–4
limb buds was anteriorly expanded, and was similar to that in
Gli3−/− limbs (Figs. 6V–Y). Fgf4 was expressed throughout the
apical ridge of limbs either lacking Gli3 (Gli3−/−) or expressing
Gli3P1–4 (Gli3P1–4/− or Gli3P1–4/P1–4) (Figs. 6A′–D′), suggest-
ing that Fgf4 expansion in the Gli3−/− apical ridge has already
reached a maximum. Interestingly, in Gli3P1–4/Δ699 limbs,
expression of Gremlin was reduced, but still anteriorly ex-
panded, while Fgf4 expression was indistinguishable from that
in Gli3P1–4/−, Gli3P1–4/P1–4, and Gli3−/− limbs (Figs. 6Y, E′).This anterior expansion of Fgf4 and Gremlin may count for the
development of an extra digit in the mutant limbs.
Expression of dHand is posteriorly restricted by the Gli3
repressor in the limb (te Welscher et al., 2002a). This is
supported by previous observations that dHand expression is
anteriorly expanded in limbs lacking Gli3 or both Gli3 and Shh
gene functions (te Welscher et al., 2002b). Consistent with this
notion, dHand expression was more anteriorly expanded in
Gli3P1–4 mutant limbs than that in Gli3−/− limbs and was
normal in Gli3P1–4/Δ699 mutant limb buds (Figs. 6F′–J′).
Jagged1 (Jag1), a Notch ligand, is expressed in the posterior
distal region of the developing limb and its expression is
anteriorly expanded in the Gli3−/− limbs (McGlinn et al., 2005)
(Fig. S2). Likewise, its expression was also anteriorly extended
inGli3P1–4/P1–4 andGli3P1–4/−mutant limbs, but became normal
in Gli3P1–4/Δ699 limb buds (Fig. S2). Taken together, our in situ
hybridization results are in agreement with the limb phenotypes
of the various Gli3 mutant mice analyzed in this study.
Discussion
In this study, we provide evidence that the full-length form of
the Gli3 protein is a transcription activator in vivo. Mice
heterozygous or homozygous for Gli3P1–4 allele develop more
severe abnormal limb digit phenotypes than those lacking one
or both wild type Gli3 allele (Fig. 3). The activator function of
Gli3 becomes even more apparent when tested in a Shh mutant
background. Converting one Gli3 allele into a Gli3P1–4 mutant
allele can rescue the Shhmutant limb phenotype to 5 or 6 digits,
three or four of which have digits 2–4 or 5 identities (Figs. 3I
and J), whereas mice carrying only one normal Gli3 allele
without Shh gene function develop 3 or 4 digits, of which only
one or two are unfused and show digit 1 identity at the most
(Litingtung et al., 2002; te Welscher et al., 2002b). Thus,
Gli3P1–4 exhibits a certain level of activator function indepen-
dent of Shh expression, but its full activity requires Shh
signaling, since Gli3P1–4/+ limbs are generally normal except
for one additional digit in the anterior (Fig. 2). Analyses of the
468 C. Wang et al. / Developmental Biology 305 (2007) 460–469expression of several genes regulated by Shh signaling also
support this conclusion. In particular, Gli3P1–4 is capable of
activating Gli1 transcription in the absence of Shh (Fig. 7D). In
contrast, Gli1 and Ptc are not expressed in limb buds lacking
both Gli3 and Shh gene functions (Litingtung et al., 2002;
te Welscher et al., 2002b).
We have previously proposed that the Gli3 repressor
gradient is essential for normal limb digit patterning (Wang
et al., 2000). Later, Litingtung et al. hypothesized that the ratio
gradient of the Gli3 activator to repressor might be responsible
for the A/P patterning of the limb, since the ratio of the Gli3
activator to repressor varies more dramatically across the limb
field than the Gli3 repressor gradient alone (Litingtung et al.,
2002). The limb digit phenotypes we found in different Gli3
mutant mouse embryos that express an activator, a repressor,
or both in equal doses challenge both hypotheses. Both
Gli3P1–4/P1–4 and Gli3Δ699/Δ699 mutant limbs develop poly-
dactyly and lack digit identity, albeit to different extents,
whereas, Gli3P1–4/Δ699 limbs, in which the Gli3 activator and
repressor are uniformly expressed along the A/P axis of the
limbs, generally exhibit normal digit patterning, except for an
extra first digit in the anterior of the limb. The development of
the extra first digit is most likely due to the insufficient Gli3
repressor level, since the patterning of the Gli3+/Δ699 limbs,
which express the Gli3 activator from one allele and repressor
from both alleles, is normal (Bose et al., 2002). Our findings
strongly indicate that a proper balance between the Gli3
activator and the repressor, rather than the repressor gradient
itself or the ratio gradient, specifies limb digit number and
identity. However, the requirement of such balance for the
development of digit number is different from that for the
patterning of digit identity. Digit number patterning appears
very susceptible to a reduction in the Gli3 repressor, since the
loss of one Gli3 allele or the conversion of one normal Gli3
allele into a mutant allele expressing only a full-length Gli3
activator is sufficient to cause the limb to develop an extra
preaxial digit. In contrast, the specification of digit identity is
less susceptible to changes in the ratio of the Gli3 activator to
the Gli3 repressor, since in both cases, the digit identity is
properly maintained. Digit identity fails to be specified only
when expression of either the Gli3 repressor or activator is
completely absent. In addition to digit number and identity, the
bone formation of digits is also controlled by the balance
between the Gli3 activator and the repressor as shown by a
significant loss of ossification in digit phalanges of mice
expressing either the activator or the repressor forms, but not
both. Obviously, further analysis is needed to determine
whether a lack of ossification is due to a delay in the ossification
process or a defect in the actual osteogenic process.
The normal limb digit pattering is controlled by counter-
action between Gli3 and Shh (Litingtung et al., 2002; te
Welscher et al., 2002b). It is generally thought that the role of
Gli3 is to restrain the development of multiple digits, but Shh
promotes it. The fact that the Shh−/− mice lack digits in their
forelimbs and develop a single biphalangeal digit in their
hindlimbs seems to support this notion. Since the action of Shh
on limb patterning is through the regulation of Gli3 processingand its activity, the Shh−/− mutant limb phenotype has been
interpreted as the result of an accumulation of the Gli3 repressor
and of a loss of the Gli3 activator. If this interpretation is correct,
one would then predict that the Gli3Δ699/Δ699 and Shh−/− mutant
mice should exhibit the same, or at least similar, limb
phenotypes. Surprisingly, here we found that the Gli3Δ699/Δ699
mice usually displayed 5 or 6 digits in their forelimbs and 5
digits in their hindlimbs, and the extra digit was often fused with
the first digit. The difference in limb phenotypes between
Gli3Δ699/Δ699 and Shh−/− mice raises the possibility that Gli3 is
not the only transcription factor that Shh regulates to exert its
effect on the A/P limb patterning. Since Shh signaling is
primarily mediated by both Gli2 and Gli3 (Bai et al., 2004; Lei
et al., 2004), Gli2 is likely a candidate that is responsible for the
different limb phenotypes seen in Gli3Δ699/Δ699 and Shh−/−
mutants. In the Shh−/− mice, both Gli2 and Gli3 proteins are
presumably present in the repressor forms, whereas, in the
Gli3Δ699/Δ699 mice, the Gli2 protein can still be activated by
Shh, thus promoting the patterning of multiple digits. Alter-
natively, Shh signaling may regulate factors other than Gli2 and
Gli3 to pattern the limbs. After all, it appears that the way Shh
patterns the limb is more complex than what was previously
thought.
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